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ANTICORROSION COATING BASED ON POLY(N-VINYLCARBAZOLE), 
POLYANILINE AND THEIR COMPOSITES WITH OXIDE 
NANOPARTICLE 
SUMMARY 
In this study corrosion inhibition of Poly(N-vinylcarbazole) (PNVCz) and 
polyaniline (PANI) homopolymers and their composites with cerium oxide (CeO2) 
have been  investigated.  Polymeric coatings for PNVCz homopolymers with 
different thicknesses on stainless steel (SS) surface were prepared by 
potentiodynamic (PD), potentiostatic (PS) and  galvanostatic (GS)  methods at 
different potentials in order to test the potantial range and method. Results suggest 
that PNVCz homopolmer films inhibite the corrosion and show self healing 
behaviour. Similarly, Tafel and EIS measurement results for PANI homopolymer 
coating obtained by PD, PS and GS methods indicate that coating method is effective 
on corrosion properties of PANI and the PD method is more advantageous than the 
others.  Conducting polymers are used in different areas, they are coated on inert 
electrodes. It can be important to decrease the costs by using active electrodes coated 
with conducting poymers. In this study CeO2 nanocomposite was chosen because of 
its properties having microhardness, wear resistance, corrosion resistance and high 
temperature oxidation resistance. Ceria is used in widely different application areas, 
such as electrolytes in fuel cells smart windows, and gas sensors, and as a support or 
additive in heterogeneous industrial catalysts. PNVCz/CeO2 composite was prepared 
by oxidative chemical polymerization. N-vinyl carbazole was added in an aliquot of 
colloidal CeO2 in acetonitrile solution. Ceric ammonuim nitrate (CAN), was added to 
NVCz as an initiator. A typical polymerization was carried out by stirring a solution 
of NVCz of desired concentration in a known weight of CAN impregnated CeO2 
nanopowder. After various physiochemical characterization, the product was 
confirmed to contain PNVCz along with cerium oxide. PNVCz/CeO2 composite was 
dispersed in a cyclohexanone-formaldehyde resin (CF) containing asetone solution. 
PANI/CeO2 composite was prepared similar to PNVCz/CeO2 composite. Ammonium 
persulphate was added to PANI as an initiator. PNVCz/CeO2 and PANI/CeO2 
composites were applied by dipping method on electrode  surface and then electrode 
was dried under vacuum. Inhibition of corrosion of  steel in 1 M H2SO4 has been 
investigated using polarization curves and EIS measurements. From polarization 
curves, corrosion currents (Icorr), corrosion potentials (Ecorr), anodic  and cathodic 
Tafel slopes (Ba, Bc), obtained by  Tafel extrapolation method. Polarization 
resistance (Rp),  break point frequency (fb) which is defined as frequency at which 
the phase angle reaches 45°, minimum of the phase angle (Φmin) and its frequency 
(fmin) values were  obtained  from  Bode and Bode phase diagrams.  These values 
were followed with time in order to investigate stability of coatings. Results clearly 
indicate a very effective performance of the coatings. Composites have better 
corrosion inhibition effect when compared with homopolymers. 
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POLİ(N-VİNİLKARBAZOL), POLİANİLİN VE BUNLARIN OKSİT 
NANOPARÇACIK KOMPOZİTLERİ İLE ANTİKOROZİF KAPLAMALAR  
ÖZET 
Bu çalışmada Poli(N-vinilkarbazol) (PNVCz) ve  Polianilin (PANI) ve bunların 
nanoboyutlu Cerium-oksit (CeO2) ile elde edilen kompozit kaplamalarının korozyon 
önlemedeki etkileri incelenmiştir. Elektrokimyasal yöntemle paslanmaz çelik 
yüzeyinde değişik kalınlıklarda PNVCz filmleri, polimerizasyon sırasında uygulanan 
potansiyel aralığının ve yöntemin etkisini incelemek üzere, değişik potansiyellerde 
potansiyodinamik (PD), potansiyostatik (PS) ve galvanostatik (GS) yöntemlerle 
hazırlanmıştır. Elde edilen sonuçlara göre polimerik filmlerin korozyonu önlemede 
etkili oldukları ve zamanla kendi kendini iyileştiren etkileri olduğu gözlenmiştir. 
Benzer şekilde Tafel ve EIS tekniklerini kullanarak PANI’in homopolimerlerinin 
PD, PS ve GS yöntemiyle  ile yapılan polimerik kaplamaları incelenerek kaplama 
yönteminin PANI korozyon özellikleri üzerinde de etkili olduğu ve PD yöntemin 
daha avantajlı olduğu sonucu elde edilmiştir. İletken polimerler değişik 
uygulamalarda kullanılır, inert elektrodlara kaplanır. Aktif elektrotlara kaplanarak 
kullanımı maliyeti düşürmek açısından önemli olabilir. PNVCz ve PANI’in  CeO2 ile 
kompozitler sentezlenmiş ve paslanmaz çelik üzerine kaplanmıştır. Bu çalışmada, 
mikro ölçüde sertlik, kullanım dayanıklığı , korozyon direnci ve yüksek sıcaklıkta 
oksitlenme direnci özeliklerinden dolayı seryum oksit (CeO2) seçilmiştir. Yakıt 
pillerinde elektrolit, gaz sensorleri  ve heterojen endüstriyel katalizörlerde katkı 
maddesi  gibi bir çok farklı alanda kullanılmaktadır. Kompozitler oksidatif kimyasal 
polimerizasyonla hazırlanmıştır. Asetonitril çözeltisine NVCz monomeri cerium-
oksit ile ilave edilmiştir. Ceric amonyum nitrat (CAN) başlatıcı olarak kullanılmıştır. 
Polimerizasyon NVCz ile  CeO2 `in belirli bir konsantrosyonda CAN ile doyurulmuş 
çözeltisinde karıştırılarak yapılmıştır. Çeşitli fizikokimyasal karakterizasyonlardan 
sonra PNVCz’un CeO2 ile kompozit oluşturduğu gözlenmiştir. PNVCz/CeO2 
kompoziti aseton içeren  siklohegzanformaldehid reçinesiyle dispers edilmiştir. 
PANI/CeO2 kompoziti de  PNVCz/CeO2 kompozitine benzer şekilde hazırlanarak 
başlatıcı olarak amonyumpersülfat kullanılmıştır. Elektrotlar daldırma yöntemi ile 
PNVCz/CeO2 ve PANI/CeO2 kompozitleri ile kaplandı ve vakum etüvünde 
kurutulmuştur. Paslanmaz çeliğin korozyonunun önlenmesi kaplanmış elktrodların 1 
M H2SO4 ortamında polarizasyon eğrileri ve elektrokimyasal empedans 
spektroskopisi (EIS) ölçümleri ile incelenmiştir. Polarizasyon eğrilerinden Tafel 
ekstrapolasyon yöntemiyle korozyon akımı (Icorr),   korozyon potensiyeli (Ecorr),  
anodik ve katodik Tafel eğimleri(Ba, Bc) elde edilmiştir. Polarizasyon direnci (Rp),  
kırılma noktası frekansı (fb),  minimum faz açısı (Φmin) ve onun frekansı (fmin),  Bode 
ve  Bode faz diagramlarından elde edilmiştir.  Bu değerlerin  zamanla değişimi  
kaplamanın kararlılığını incelemek için gözlenmiştir. Kompozit kaplamaların çok 
etkili olduğu sonucu açıkca gözükmekte olup kompozit kaplamaların etkileri 
homopolimer kaplamalarıyla kıyaslandığında, kompozit kaplamaların  antikorozif 
özelliklerinin daha iyi olduğu sonucuna ulaşılmıştır.  
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1.  INTRODUCTION 
Conducting polymers (CP) have been extensively studied during the last 20 years in 
view of their potential application for example as capacitors, sensors, and anodes for 
fuel cells, or for protection against corrosion, the photodegradation of semiconductor 
electrodes in galvanic cells and for other applications. The possibility of a polymer 
film formation directly on a metal surface in the electropolymerization process is a 
large advantage, thus such films are obtained mostly by the polymerization of 
appropriates monomers. The physical and chemical properties (stability, 
conductivity, morphology, structure and catalytic activity) of various CP were 
carefully studied by many researches. It has been established that the mechanism of 
the CP electropolymerization is very complicated, and the polymer layer behaviours 
depends on a conditions of the electropolymerization process (potential, current 
density and temperature) and as well on a composition of the electrolyte (solvent and 
anion) [1]. The potential of conducting polymers (CP) for corrosion protection is a 
topic of current interest. However, the efficiency of these materials depends on many 
factors like how they are applied, the doping level, the conditions of the corrosion 
experiments, etc. There is an increasing interest on the use of CP to protect reactive 
metals against corrosion . At least four different configurations to apply CP coatings 
have been reported: (i) as a coatings alone; (ii) as a primer coating with a 
conventional topcoat; (iii) blended with a conventional polymer coating; and (iv) as 
an additive to modify a conventional organic coating [2]. The advantage of 
protection using conducting polymers is that the coatings get more tolerance to pin 
holes due to their passivation ability. Furthermore, polyaniline (PANI)-containing 
paints offer high corrosion resistant coatings for steel surfaces [3]. Electrodeposition 
of conductive polyaniline films by electrochemical oxidation of aniline and its 
derivatives has been widely described in recent years. Electrochemical properties of 
the electrodes modified with polyaniline (PANI) films and its derivatives have 
attracted considerable attention due to their use in batteries, sensors, capacitors and 
electrochromic displays. Another application comes from anticorrosive feature. 
Hence, there have been many studies on the use of these polymers for protection of 
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copper, mild steel and their alloying components against corrosion. Most of the 
studies devoted to the corrosion protection properties of PANI have been carried out 
in acidic or near acidic solutions. Depending on the metal used and on the method 
and condition of synthesis, different results of protection are obtained. Accordingly, 
passivation of oxidizable metals is required to generate a suitable surface prior to the 
electropolymerization process. Consequently, it has been found out in several 
investigations that the electrodes coated with polyaniline and its derivatives could 
improve its passivity in corrosive solutions, by catalyzing the formation of protective 
oxide layers on metal surfaces [4]. Electrochemical synthesis, like chemical 
polymerization, is a very frequently used technique for obtaining conducting 
polymers. At a sufficiently high positive (i.e. anodic) electrode potential, some 
monomers like aniline or pyrrole undergo electrochemical oxidation yielding cation 
radicals or other reactive species. Once formed, these species trigger the 
polymerization process. As a result, oligomers and/or polymers, derived from the 
corresponding monomers, are formed. Depending on plenty of experimental 
variables available, like the monomer concentration, electrolyte used, and electrode 
potential, different structures of conducting polymers can be obtained, ranging from 
micrometre or submicrometre (colloid)-sized particles to thick compact deposits on 
the electrode surface [5]. Stainless steels are used in various applications for their 
corrosion resistances. The corrosion resistance of stainless steel depends on a very 
thin surface film, called oxide film. Although the formation of a film of chromium 
oxide is effective for protecting stainless steel, the corrosion advances rapidly when 
localized damage on this passive film occurs. This localized dissolution of an oxide 
in specific aggressive environments is one of the most common and catastrophic 
causes of failure of metallic materials [6] . The aim of this work is to obtain well 
adhering, conducting films of poly(N-vinylcarbazole), polyaniline by different  
electrochemical methods such as potentiodynamic, potentiostatic and  galvanostatic  
technique and their composites on stainless steel electrode and to investigate their 
corrosion protection performance in 1 M H2SO4 solution by electrochemical 
methods. 
In this study CeO2 nanocomposite was chosen because of its properties having  
microhardness, wear resistance, corrosion resistance and high temperature oxidation 
resistance [7]. Nanoparticles have attracted a great deal of research attention due to 
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their potential use as catalysts sensors ceramic and biomaterial [8]. Appropriate 
preparation procedures allow one to deposit nanodimensioned oxide particles, thus 
taking advantage of the reactivity of nanoclusters. Cerium oxide and cobalt oxides 
can play an important role in oxidation reactions. Cerium oxide is a major 
component in the three-way catalysts (TWC) used for the treatment of automotive 
exhaust gases [9-10]. It is well-known that ceria is not just an inert carrier for 
supported species but also a modifier affecting the degree of dispersion as well as the 
physiochemical properties (e.g., adsorption, catalytic activity, redox behavior, and 
magnetic behavior) of the supported species. We have today the technology to grow 
and control structures on the nanometer scale, which has opened the possibility to 
fabricate novel materials with unique physical and chemical properties [11-12-13]. 
Cerium oxide (CeO2) has many applications (solid electrolytes in solid oxide fuel 
cells, catalysts, optical additives). For example, catalysts based on cerium oxide are 
widely used as efficient oxidation systems in heterogeneous catalysis: in oxidation of 
CO in oxygen-rich  and in hydrogenrich atmospheres. For this application, it is 
necessary for pure cerium oxide or cation-doped cerium oxide to be represented by 
nano-sized particles. Several processing routes have been investigated to synthesize 
cerium oxide powders with large surface area: coating of a host by CeO2 (e.g., 
Al2O3); doping by inorganic materials – which can stabilize the nanoparticles; 
organic compounds added to precursor of CeO2 and removed during calcination; sol–
gel method ; microwave irradiation  and ultrasonic treatment [14-15]. 
Nanostructured powders of pure and doped ceria can be obtained in various ways. 
Usually, nanoparticles are prepared using a ‘‘Sol–Gel’’ process. However, other 
types of processes exist such as solid-state reaction at ambient temperature, thermal 
decomposition, microemulsion synthesis, co-precipitation and hydrothermal 
synthesis [16].  
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2.  CORROSION THEORY 
Corrosion is the primary means by which metals oxidation, most metals corrode on 
contact with water (and moisture in the air), acids, bases, salts, oils, aggressive metal 
polishes, and other solid and liquid chemicals. Metals will also corrode when 
exposed to gaseous materials like acid vapors, formaldehyde gas, ammonia gas, and 
sulfur containing gases.  
Corrosion is the unwanted attack on a metal (cars, household goods, buildings, 
shipping pipelines, plant etc.) by its environment (aqueous including (sea) water, 
soils, gases, molten or dissolved salts ). Corrosion is not only the degradation of 
metals, corrosion is also the degradation of our lives due to the presence of unwanted 
metals in our body and the basic degradation of the planet because of pollution, 
global warming, and global dimming.  
Damage and consequent shutdown of the metal structure, risk of injury because of 
leakage, breakdown, loss of product and efficiency, environmental contamination 
could be the consequences of corrosion [17]. 
With a few exceptions, metals are unstable in ordinary aqueous environments. Metals 
are usually extracted from ores through the application of a considerable amount of 
energy. Certain environments offer opportunities for these metals to combine 
chemically with elements to form compounds and return to their lower energy levels 
[18].   
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3.  PREVENTION AND CONTROL 
Electrochemical corrosion protection can be investated by the following four main 
strategies [19]; 
1. Anode, anode-electrolyt interface or anode reaction. 
2. Cathode, cathode-electrolyt interface or cathode reaction. 
3. The electrolyt (Adding inhibitors or removal of oxidizing species). 
4. The electrical connections (Application of protective coating under care of 
avoiding localized damage). 
For a long time there existed a primitive representation of the corrosion inhibition 
mechanism by coatings as a physical barrier isolating a metal substrate from the 
hostile environment as a application of first strategies; anode, anode-electrolyt 
interface or anode reaction. It was believed that neither metal origin nor its chemical 
properties affected the corrosion kinetics of the substrate under a coating. 
3.1  Protective Coatings 
Protective coatings are probably the most widely used products for corrosion control. 
They are used to provide long-term protection under a broad range of corrosive 
conditions, extending from atmospheric exposure to the most demanding chemical 
processing conditions.  
3.1.1 Metallic coatings 
Metallic coatings provide a layer that changes the surface properties of the workpiece 
to those of the metal being applied. The workpiece becomes a composite material 
exhibiting properties generally not achievable by either material if used alone. The 
coatings provide a durable, corrosion-resistant layer, and the core material provides 
the load-bearing capability. 
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3.1.2 Inorganic coatings 
Inorganic coatings can be produced by chemical action, with or without electrical 
assistance. The treatments change the immediate surface layer of metal into a film of 
metallic oxide or compound that has better corrosion resistance than the natural 
oxide film and provides an effective base or key for supplementary protection such 
as paints. In some instances, these treatments can also be a preparatory step prior to 
painting. 
3.1.3 Organic coatings 
Paints, coatings, and high-performance organic coatings were developed to protect 
equipment from environmental damage [20]. Protecting reactive metals by covering 
their surface with organic coatings is a smart way to take advantage of mechanical 
properties of metals such as steel or aluminum while preventing them from corrosion 
and introducing one or multiple requested surface properties in one step. These 
properties might be colour, wear resistance, formability, noise reduction and 
electronic insulation [21].  
Organic coatings applied to metal surfaces provide corrosion protection by 
introducing a barrier to ionic transport and electrical conduction, where the sorption 
and transport of ions and uncharged species (water, oxygen) affect the corrosion 
behaviour of a polymer/metal system [22]. The ability of an organic coating to 
protect a metal substrate against corrosion generally depends on the quality of the 
coating, i.e., its chemical and mechanical properties, adhesion to the substrate, water 
uptake and permeability to water, oxygen and ions; the characteristics of the 
substrate and the surface modification and  the properties of the metal/coating 
interface. It is well known that surface pretreatment employed for a metallic substrate 
can have a large effect on the lifetime of a metal/coating system [23]. 
Protective coatings with the conducting polymers have been widely used in various 
areas like electronic and electrochromic equipments, photochemical cells, recharging 
batteries, catalysts and an increasing in the number of studies on conducting 
polymers has been observed during two decades. On the other hand, the conducting 
polymers like polyaniline (PANI) and polypyrol have important potential in their use 
for anticorrosive applications, for many years. It is reported that there have been 
number of important parameters affecting the corrosion performance of polyaniline 
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coating; electropolymerization conditions, electrosynthesis technique, electrolyte and 
its pH, the potential range and the scan rate. Consequently, many studies have been 
made to obtain optimum conditions and these parameters. As a result, the cyclic 
voltammetry technique was accepted as the best method for the synthesis of PANI 
[24]. PANI has been studied in details for a variety of applications in 
electrical/electronic industry. Although, PANI has been projected as an important 
constituent in coatings, it is only recently that it has drawn attention as an effective 
material for corrosion protection. One of the main reasons for this popularity is the 
possibility of making PANI based “smart” coatings which can prevent corrosion 
even in scratched areas where bare steel surface is exposed to the aggressive 
environment. The anticorrosive coatings can be prepared either from chemically 
synthesized PANI or it may be directly deposited on metal by electrochemical 
method. Chemically synthesized PANI by conventional route is difficult to process 
in common organic solvents and hence limits its applicability in anticorrosive 
formulations. An alternative to this problem is to use either undoped PANI or make 
processable PANI using dodecyl benzene sulfonic acid (DBSA) as a dopant so as to 
form fine dispersions. In corrosion prevention, there can be both barrier effect as well 
as internal sacrificial electrode formation, which give protection to the inner 
substrate. The barrier properties can be enhanced if one uses appropriate fillers in the 
coatings. Further, it is shown that nano-particulate fillers give much better barrier 
properties at low concentrations than conventional micron size additives [25]. There 
has been a considerable attention to electrodeposition of conductive polymer on 
active metallic electrodes. This is essentially more difficult than using noble metals. 
At acidic media where active metals are subject to severe electrodissolution process, 
it is not possible to deposit conductive polymers on instable surface of dissolving 
metal. However, in appropriate media where a stable passive film is formed on the 
electrode surface, electrodeposition of conductive polymers may result in the 
formation of a stable polymer film [26]. The importance of electronically conducting 
polymers (CP) since discovery of highly conducting doped polyacetylene in 70-ties 
has been continuously growing. These materials are interesting from the point of 
view of both fundamental and applied research. Studies on conducting polymers 
bring answers to some basic questions of solid state/polymer physics and chemistry. 
Initially, the leading compound in this group of polymers was polyacetylene, 
regarded as a model CP. This has been attributed to its relatively simple structure, 
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significant for studies of fundamental properties as nature of charge carriers, doping 
phenomena, relationship between doping and conductivity etc. However, polymers 
with heteroatoms: polypyrrole, polyaniline, polythiophenes with its highly stable 
representative, poly (3,4-ethylenedioxythiophene), became more important. This 
results from their stability in the presence of air and water, as well as relatively 
simple synthesis by electropolymerization. Owing to combination of unique 
electrical, optical, mechanical and membrane properties these polymers are 
promising for diverse applications including antistatic coatings, batteries, 
supercapacitors, electrochromic devices, displays, LEDs, corrosion protection etc 
[27]. The conducting polymers based systems provide long-term stability and yield 
large number of charge-discharge cycles. (~106) in energy storage devices. Among a 
variety of polymers studied extensively in energy storage and conversion devices, 
mention may be made of polyacetylene, polyaniline, polythiophene, polyindole, 
polypyrrole, polyphenelyne. The polypyrrole-based systems are stable under 
different environmental conditions and are employed in sensors and actuators       
[28-29-30].  A variety of strategies have been developed to control the dynamics of 
corrosion and are discussed in detail elsewhere. For example, cathodic protection 
(employing either a sacrificial anode or an external power supply) may be used to 
decrease the potential of the metal, slowing its rate of oxidation. Conversely, anodic 
protection may be employed to maintain a protective passive (oxide) layer on the 
metal surface and/or reduce the rate of the reduction process. Anodic and/or cathodic 
inhibitors, usually small organic molecules, may be used and function by adsorbing 
on the metal surface so as to impede either oxidation of the metal (anodic inhibitor) 
or the reduction reaction (cathodic inhibitor). At the present time, the most common 
corrosion control strategy involves application of one or more organic coatings to the 
metal. An active corrosion cell requires the presence of an oxidant at the metal 
surface as well as a mechanism for ion movement along the surface between the 
anodic and cathodic sites of the corrosion cell (to maintain charge balance). Such ion 
movement at the interface usually occurs within a thin layer of electrolyte that forms 
on the metal surface. Coatings reduce the rate of corrosion by reducing the rate of 
access of these essential ingredients (e.g., dioxygen, water and ions such as H+)  to 
the interface. The coating also serves to increase the resistance of ion movement at 
the interface (i.e., the ohmic polarization of the corrosion cell), which also 
contributes to a reduction in corrosion rate. Eventually, water, dioxygen and ions 
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from the environment penetrate the coating and reach the metal interface. Defects in 
the coating (natural or accidentally introduced) expedite this process. Thus, a coating 
system approach is typically used whereby a primer coating is applied to the metal 
followed by a topcoat having the desirable barrier and perhaps appearance properties. 
The primer coating is chosen for good adhesion to the metal and often contains 
active ingredients to further reduce the corrosion rate once the barrier has been 
breached. It is this latter function for which electroactive conducting polymers 
(ECPs) may have an important role [31]. In order to understand the chemistry of 
ECPs used in corrosion protection it is necessary to start with the synthesis of ECPs. 
ECPs compromise the polyacetylenes (PA), poly(para-phenylenes) (PPP), 
polyheterocycles such as polythiophenes (PT), poly(phenylenes vinylenes) (PPV), 
polyanilines (PANI) and conjugated ladder polymers.  ECPs are composed of 
conjugated chains containing pi-electrons delocalized along the polymer backbone. In 
their neutral form, ECPs are semiconductive polymers that can be doped and 
converted into electrically conductive forms. The doping process can occur either by 
oxidative or reductive reactions, though oxidative reactions are more common [32].  
The electroactive polymer is itself capable of maintaining, and even repairing, the 
native passive film on the metal, with a subsequent lowering of the rate of corrosion 
[33].  
Functionality of organic blends are introduced into coatings, still the aspect of 
corrosion protection especially for steel and aluminum are of great interest in 
research and development. This is due to the fact that; hazardous compounds such as 
Cr(VI) which nowadays guarantee excellent corrosion protection properties have to 
be replaced with alternative environmentally friendly compounds; the introduction of 
new light metals such as magnesium with specific corrosion behaviour require 
specially adopted coatings; use of water based or 100% solvent free coatings will 
replace solvent based coatings; application of new curing technologies such as UV or 
electron beam (EB) curing might lead to new specific reactions at the metal/polymer 
interface; and the trend to sell pre-coated steel sheet to the automotive industry to 
omit secondary corrosion protection procedures and to reduce the costs caused by 
expensive paint shops raises new demands for thin organic coatings [21]. 
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Ceria is used in widely different application areas, such as electrolytes in fuel cells 
smart windows, and gas sensors, and as a support or additive in heterogeneous 
industrial catalysts. It is, however, most widely known as an oxygen storage medium 
and thermal stabilizer in the automotive three-way catalytic converter. The 
interaction of ceria with precious metals (Pd, Pt, Rh) and its effect on catalytic 
activity is important [34]. 
Metal matrix composites find applications as wear and corrosion resistant coatings, 
self-lubricating films and thermal barrier coatings.  In the literature, certain nanosize 
materials like ZrO2, Al2O3 and TiO2 have been incorporated in the metal matrix to 
form nanocomposites. Metal oxides possessing cubic fluorite structures are of 
interest for various structural and electrochemical applications. Among these, ceria 
ceramics are having broad applications since these are known to achieve a higher 
conductivity than zirconia for the same solute concentration. They also possess lower 
thermal conductivity, increased thermal expansion coefficient and good corrosion 
resistance. In recent years, the applications of cerium oxide/ceria (CeO2) have 
increased rapidly as gas sensor, electrode material for solid oxide fuel cells , oxygen 
pumps, amperometric oxygen monitors, catalytic supports for automobile exhaust 
system and especially abrasive for chemical mechanical polishing (CMP) slurry. In 
glass industry, ceria is considered to be the most efficient glasspolishing agent for 
precision optical polishing. High-purity ceria is also used in phosphors. Ceria is used 
as a hightemperature coating for oxidation prevention . Hydrated cerium oxide 
deposits are found to be less hazardous when compared to Cr(VI) and are widely 
used in conversion coating processes for aerospace applications. Several solution-
based techniques such as hydrothermal synthesis, mimic alkoxide method, 
microemulsion method, sol–gel technique, precipitation method, glycine–nitrate 
combustion technique, hydrazine method, spray hydrolysis and citrate–nitrate 
autoignition process have been reported for the preparation of nanosize ceria[35]. 
3.1.4 Conversion coatings 
Conversion coatings are coatings for metals where the part surface is converted into 
the coating with a chemical or electro-chemical process. Examples include chromate 
conversion coatings, phosphate conversion coatings, bluing, oxide coatings on steel, 
and anodizing. They are used for corrosion protection, increased surface hardness, to 
add decorative color and as paint primers [36]. 
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3.2 Corrosion Testing 
Corrosion testing can be seperated in two methods; non-electrochemical and 
electrochemical. 
3.2.1 Non-electrochemical 
Weight lost, pitting and crevice rate, stress-strain time, resistance measurements, 
surface measurements, different analytical measurements are the main non-
electrochemical test methods. 
3.2.2 Electrochemical 
The mainly used electrochemical test methods are Tafel extrapolation, linear 
polarization, electrochemical impedance measurements and electrochemical noise 
[37]. 
3.2.2.1 Tafel extrapolation 
In general terms overpotential were given with the equation of η = c log i + D. This 
is known as Tafel equation. For the anodic and cathodic processes we have: 
β= =                                                                                                        (3.1)               
η a= βa log(ia/i0)                                      (3.2)                         
ηa = βa log ia - βa log i0                                                                          (3.3)               
ηc = βc log ic - βc log i0                                 (3.4)               
where, 
βa=                                                                                                                  (3.5)             
 βc=                     (3.6)               
In the Tafel equations βa and βc are known as the anodic and cathodic Tafel constants. 
Tafel plots are useful in obtaining corrosion rates. Consider a sample of metal 
polarized 300 mV anodically and 300 mV cathodically from the corrosion potential 
Ecorr.. The potential scan rate may be  0.1-1.0 mV/s. The resulting current is plotted on 
a logarithmic scale. The plot is shown in Figure 3.1. The corrosion current icorr is 
obtained from the plot by extrapolation of the  linear portions of the anodic and 
cathodic branches of the curve to the corrosion potential Ecorr. The corrosion current 
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may then be used to calculate the corrosion rate using the following equation. where 
zC0IT is corrosion current density, (A/cm2), d, the density of the corroding metal 
(g/cm3) and Eq wt is the equivalent weight of the corroding metal in grams. 
Corrosion rate (mpy) =                 (3.7)   
 
Figure 2.1 : Experimentally measured Tafel plot. 
3.2.2.2 Linear polarization 
The polarization resistance technique—often erroneously called the linear 
polarization resistance (LPR) technique—has been widely accepted as a very useful 
method for monitoring corrosion rates [38]. The linear polarization technique is rapid 
and gives corrosion rate data, which correlate reasonably well with weight loss 
method. The technique involves scanning through 25 mV above and below the 
corrosion potential and plotting the resulting current against potential as shown in 
Figure 3.2. The corrosion current icorr is related to the slope of the line. 
                              (3.8)               
(icorr) =                                 (3.9)         
 
 
 15
 
Polarization experiments on a corrosion system are carried out by using a 
potentiostat. The experimental arrangement of the cell consists of a working 
electrode, reference electrode and a counter-electrode. The counter-electrode is used 
to apply a potential on the working electrode both in the anodic and the cathodic 
direction, and measure the resulting currents. The electrochemical cell is depicted in 
Figure 3.3. 
 
Figure 2.2 : Experimentally measured polarization resistance. 
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Figure 2.3 : Electrochemical cell used for potentiodynamic polarization studies. 
Concentration polarization may be illustrated by considering copper cathode  in 
copper sulfate solution as an example. Using the Nernst equation we have for the 
oxidation potential. 
               (3.10)              
Upon current flow, copper is deposited, thereby reducing the amount of cupric ions 
to a new value )s, when, 
               (3.11)      
The difference potential; 
                (3.12)    
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As the current flow increases, the smaller is the (Cu)s value and the larger is the 
polarization; this is known as concentration polarization. When [Cu]s approaches 
zero, the current density is known as the limiting current density. When the limiting 
current density iL for the cathodic reaction, as i approaches iL an expression is 
obtained of the form, 
E2-E1=                 (3.12)               
The limiting current density is obtained from: 
iL= 10-3                   (3.13)               
where D is the diffusion coefficient,  F,  the Faraday,  the thickness of the electrode 
layer and n is the number of electrons. 
It is to be noted that the Helmholtz double layer plays a significant role in 
concentration polarization since the concentration of the ions on the electrode 
surface, and the diffusion of ions from the bulk of the solution into the Helmholtz 
plane are contributing factors to the limiting current density. This situation may 
be visualized as shown in Figure 3.4.  
 
Figure 2.4 : Helmholtz plane. 
Activation polarization involves a slow step in the electrode reaction. The reduction of 
hydrogen at the cathode involves: 
H+ + e- → H, H + H→H2                           (3.14)               
and this is also known as the hydrogen overvoltage. Another example is: 
2 OH-  → O2  + H2O + 2e-                                                                                   (3.15)               
 and this is known as the oxygen overvoltage. 
 18
Table 3.1: Hydrogen reaction 
Metal                            Exchange current density (A/cm2) 
Pb, Hg                           10-13 
Zn                                 10-11 
Sn, Al, Be                     10-10 
Fe                                 10-6 
Ni, Ag, Cu and Cd        10-7 
Pd, Rh                          10-4 
Pt                                 10-2 
The smaller the value for the exchange current density, the more polarizeable  the metal. 
Activation polarization, in general terms may be given by:   
η = β log(i/i0)                              (3.16)              
where β and i0  are constants for a metal and a particular medium. The significance of 
the hydrogen overvoltage lies in the fact that acids attack most metals, and it is useful 
to know the exchange current densities and the hydrogen overpotentials of some 
common metals (see Table 3.1). The smaller the exchange current density the greater 
the polarizability. In the first instance the equilibrium oxidation potential determines 
whether corrosion is likely or not. Then the hydrogen overpotential determines the 
corrosion rate of the metal in question. Mixed potential theory can be illustrated by 
considering the two metals iron and zinc in an acid solution. The two factors to be 
considered are the anodic polarization line of the metal and the exchange current 
density for hydrogen evolution on the metal. Although zinc is expected to corrode 
according to its position in the galvanic series, it is the iron that corrodes in this 
system because the exchange current density for hydrogen evolution is higher on iron 
than on zinc. A mixed potential diagram for the iron, zinc system is shown in  
Figure 3.5. 
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Figure 2.5 : A mixed potential plot for the bimetallic couple of iron and zinc. 
The figure also explains the higher corrosion rate of iron than zinc in hydrochloric 
acid solution. Despite the more positive reduction potential of iron, the evolution of 
hydrogen on iron has a high exchange current density. 
The lines a aud b, refer to zinc alone and a" and b" are those of iron corroding in an 
isolated condition. The lines (a + a') and (b + b') represent the mixed electrode 
system of iron and zinc. 
The example of the iron/zinc couple refers to an acid solution, if a neutral or alkaline 
(basic) solution is considered the cathodic reaction would be: 
2 H2O + O2 + 4e-→ 4 OH-                           (3.17)               
and the rate of diffusion of oxygen to the surface of the metal has an important 
effect. 
The electrochemical technique that is popular in corrosion studies is potentiodynamic 
polarization. This technique consists of using the sample specimen as the working 
electrode, with a reference electrode such as calomel electrode and a platinum counter- 
(auxiliary) electrode.  A Luggin capillary is placed as close to the working electrode as 
possible to avoid or minimize the effect due to IR drop. The electrode assembly is 
immersed in the corrosive medium and the corrosion potential recorded. The potential 
is applied in the positive direction at a suitable rate  (0.1 mV/sec.) and the resulting 
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current recorded. Then the applied potential is in the negative direction to the 
corrosion potential and the resulting current noted. Thus, the potentiodynamic 
polarization gives the curves shown in Figure 3.6. The corrosion potential, the 
corrosion current obtained by drawing the anodic and the cathodic Tafel slopes, 
which interest at ic and the various regions corresponding to activation polarization, 
concentration polarization and resistance polarization are labeled. 
The experimental arrangement for potentiodynamic polarization experiment is shown 
in Figure 3.6.  The experiment is done using the software, and polarization curves 
(both anodic and cathodic branches of polarization) are recorded at a suitable scan rate. 
The software performs the calculations and gives the data for corrosion potential 
and corrosion current density for the system on hand. 
With the rapid developments of electrochemical techniques and the required instru-
mentation electrochemical impendance and electrochemical potential noise and 
current noise techniques are gaining prominence in corrosion studies.  
3.2.2.3 Electrochemical impedance spectroscopy 
Electrochemical impedance spectroscopy (EIS) is commonly used to evaluate the 
protective ability of corrosion protective coatings. One of the best successful 
applications of electrochemical impedance spectroscopy (EIS) has been in the 
evaluation of the properties of polymer-coated metals and their changes during 
exposure to corrosive environments. Some electrochemical elements related to the 
corrosion processes such as: coating resistance, coating capacitance, charge transfer 
resistance, and double layer capacitance can be extracted from the EIS measurements 
[39-40]. Electrochemical impedance data give information on the kinetics and 
mechanism of the corroding system. Alternating current techniques have some 
advantages over DC techniques: 
(i) AC techniques use very smaii exciiaiiun amplitudes in the range of 5-10 mV 
peak-to-peak;  
(ii) data on electrode capacitance and charge transfer kinetics provide mechanistic 
information; 
(iii) AC techniques can be applied to low-conductivity solutions while DC  
techniques are subject to serious potential errors in these media. 
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The frequency range of normal interest is 5 mHz to 100 kHz and 5 to 10 data points 
per decade of frequency are usually collected [41]. Electrochemical impedance 
spectroscopy (EIS) has become a powerful non-destructive tool for the evaluation of 
coating properties and their changes with exposure time [42]. 
 
Figure 2.6 : Polarization diagram illustrating various parameters 
Consider the application of a small sinusoidal potential (∆E sinwt) on a corroding 
sample, which results in a signal along with the current flow of harmonics 2w, 3w, etc. 
Then the impedance ∆Isin(wt + Φ) is the relation between ∆E/∆I and phase Φ. In the 
case of corrosion studies, the sample is made part of a system known as equivalent 
circuit,  which consists of the solution resistance Rs charge transfer resistance RCT and the 
capacitance of the double layer Cdl. The measured impedance plot appears in the form 
of semicircule (Nyquist plot). Both the equivalent circuit and the impedance plot 
are shown in Figure 3.7. The electrochemical experimental arrangement 
consisting of AC impedance analyzer, the electrochemical cell, and the 
computer to acquire the data over a period of time is depicted in Figure 3.8. It is 
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useful to note that the polarization resistance data obtained can be used to 
calculate the corrosion rate of the corroding sample. 
 
Figure 2.7 : Representation of equivalent circuit         
 
 
  Generator/Analyzer               Computer                 
Figure 2.8 : Experimental set-up for AC impedance        
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                                   Process Water -Impedance 
 
Figure 2.9 : Polarization resistance as a function of time. 
Polarization resistance of the corroding sample may also be monitored over an 
extended duration. Thus, AC impedance may be used for online monitoring of a 
corrosion system such as on-line determination of corrosion inhibitor performance, as 
depicted in Figure 3.9. 
       
                                            1. Calomel reference electrode 
                                            2. Steel specimen 
                                            3. Gas purge 
 
Figure 2.10 : Electrochemical cell.    
 
Figure 2.11 :  Apparatus used for  potential noise   measurements. 
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3.2.2.4 Electrochemical potential noise 
Electrochemical potential noise or current noise is gaining importance in monitoring 
corrosion processes, especially when localized corrosion such as pitting corrosion is 
involved. The electrochemical cell and the experimental arrangement for potential 
noise measurements are depicted in Figure 3.10 and 3.11, respectively. The figures 
clearly show the simplicity of the technique. This technique is particularly suited for 
on-line monitoring of corrosion processes for long durations and typical data 
obtained in the evaluation of the performance of corrosion inhibitors in a field study 
are shown in Figure 3.12. The AC impedance data given in Figure 3.9 and the 
potential noise data given in Figure 3.12 refer to the same system and shows an 
inhibition efficiency of 79-84% [43]. 
 
Figure 2.12 : Potential noise amplitude versus time. 
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4.  EXPERIMENTAL WORK 
4.1 Equipment 
All electrochemical experiments were performed in a 3-electrode cell. For 
electropolymerization, CV and EIS measurements a Gamry Reference 600 Model 
Potentiostat with a software version 5.30 was used. Polymers were analyzed by     
ATR FT-IR reflectance spectrophotometer (PerkinElmer, Spectrum One; with a 
Universal ATR attachment with a diomand and ZnSecrystal C790951) 
4.2 Chemicals 
Aniline monomer was provided from Sigma-Aldrich, N-Vinilkarbazol(NVCz) 
(Fluka), Ceric amonium nitrate (sigma-aldrich), Cerium oxide nanoparticle (merck), 
Acetonitrile (merck), oxalic acid, sodium perchlorate (NaClO4),  sulphuric acid 
(H2SO4) (merck),  sodium dodecyl benzene sulfonate, and 
CF(siklohegzanformaldehyde) resin synthesized by Assoc. Prof. Dr. Nilgün Kızılcan. 
All chemical were analytical grade and no further purification was employed. 
4.3 Electrodes 
The content of  the disc stainless steel electrode used in this study  was determined at 
İ.T.Ü Prof. Dr. Adnan TEKİN Malzeme Bilimleri Uyg-Ar Merkezi and found as 
(%w/w) 0.5329 Cu, 10.10 Ni,  19.81 Cr, 1.96 Mn, 0.23 Si, 67.794 Fe. All of the 
electrodes were prepared by using cylindrical  SS (diameter 5 mm) place into a glass 
tube and sealed with  an epoxy resin in two components (çekomastik, trade mark), to 
expose a constant cross-sectional area of 0.2 cm2 and to avoid electrolyte infiltration.  
4.4 Electrochemical Polymerization 
The electropolymerization were carried out with 0.07 M NVCz in 0.1M NaClO4 
containing solution in the range of 0.0-1.2V, 0.0-1.4V, 0.0-1.6V. Electrochemical 
polymerizations of aniline homopolymers were prepared in 0.025M aniline, 0.1M 
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oxalic acid and 0.1 M sodium dodecyl benzene sulfonate containing aqueous solution 
in the range of 0.0-1.0V.  All electrochemical experiments were performed in a  3-
electrode cell, working electrode stainless steel (A=0.2cm2), counter electrode Pt 
spiral and reference electrode is Ag wire. Than the electrode potentials were 
calibrated according to Ag/AgCl. Electrochemical polymerizations for                       
N-vinylcarbazole homopolymer films on stainless steel surface were prepared by 
potentiodynamic (PD), potentiostatic (PS) and galvonostatic (GS) methods at 
different potentials. Different polymeric films on the stainless steel surface were 
obtained by changing the potential range.  Then, the corrosion behaviors of the 
resulting polymeric films  are tested by anodic and cathodic polarization curves and 
EIS measurements in 1 M H2SO4 solution.  For every polymeric coatings obtained 
with PD, PS and GS methods were tested for their corrosion behaviour  by 
impedance measurements. Scan rate was selected 5 mV/sec. for PNVCz coated SS 
electrodes and 1 mV/sec. for PANI coated electrodes during the polarization 
measurements. Impedance spectra were recorded in a frequency range between 105 
and 5 x 10-3  Hz. an applied alternating current (AC) signal of 10 mV similar to 
literature [44]. 
4.5  Preperation and Coating of Poly (N-vinyl carbazole)/Cerium Oxide  
 Composite (PNVCz/CeO2) and Polyaniline/ Cerium Oxide (PANI/ CeO2) 
 Composite 
PNVCz/ CeO2 composite was prepared by oxidative chemical polymerization.        
N-vinly carbazole was added in an aliquot of colloidal CeO2 in acetonitrile  solution. 
A typical polymerization was carried out by stirring a solution of N-vinylcarbazole of 
desired concentration in a known weight of ceric amonium nitrate (CAN)-
impregnated cerium oxide nanopowder [nNVCz/nCeO2/nCAN=(1:2:4)] as a 
heterogeneous catalyst at 25°C in a stoppered Pyrex reaction vessel. After a definite 
polymerization time (1 hour), the total contents of the reaction vessel were 
precipitated in acetonitrile and the precipitate was quantitatively filtered, repeatedly 
washed with acetonitrile to remove all unreacted monomer and CAN. This procedure 
was repeated several times and expected to dissolve out all surface-adsorbed   
poly(N-vinylcarbazole) and this mass finally dried at 60°C. After various 
physiochemical characterization, the product was confirmed to contain            
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poly(N-vinylcarbazole) along with cerium oxide. PNVCz/CeO2 composite was 
dispersed in a cyclohexanone-formaldehyde resin (CF) containing asetone solution 
and coated on electrode surface by dipping methods similar to literature [45] and 
then electrode was dried under vacuum. Three types of coating were prepared then 
applied on SS electrode by immerse method (Table 4.1). Corrosion inhibition effect 
of composite coated electrodes were investigated by time in 1 M H2SO4 medium by 
anodic and cathodic polarization curves and electrochemical impedance 
measurements (EIS). 
Table 4.1 : PNVCz/CeO2 composite coatings (1-2-3) formation. 
 PNVCz/CeO2 
composite(gram) 
CF resin 
(gram) 
Asetone 
(mL) 
Toluene 
(mL) 
Conversion 
coating 
coating-1 0.2 0.2 0.125 0.115 — 
coating-2 0.15 0.2 0.125 0.115 — 
coating-3 0.15 0.2 0.125 0.115 √ 
PANI/ CeO2 composite was prepared chemically. Aniline was added in an aliquot of 
colloidal CeO2 in 1 M H2SO4 solution. Ammonium persulfate, (NH4)2S2O8,  was 
added in a 1:1 mole ratio to aniline. The reactions were allowed to stir overnight. The 
solutions were then filtered using vacuum suction through filter paper and washed 
with distilled water. The cake was then washed twice with 50 mL 1 M H2SO4 and 
water. The samples were dried under vacuum. After various physiochemical 
characterization, the product was confirmed to contain PANI along with CeO2. 
Cyclohexanone-formaldehyde resin was first dissolved in acetone. PANI/CeO2 
composite were added to the solution and the mixture was dispersed for 1 h. The 
paint was applied by dipping method on electrode  surface and then electrode was 
dried under vacuum. Inhibition of corrosion of  steel in 1 M H2SO4 has been 
investigated using polarization studies and a.c. impedance measurements. 
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4.6 Conversion Coating 
A known weight of Zr was dissolved in water, there to were added  Mg and Zn, and 
finally alkylsilane was added and stirred thoroughly, and the obtained solution was 
adjusted to a pH 4.0 with ammonia water.  Electrode were immersed into this 
solution for 5 minute and then rinsed with water and dried before use. 
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5.  RESULT AND DISCUSSION 
Electrochemical methods are an extremely useful techniques in evaluating the ability 
of a coating to protect the underlying metal. Metals corrode differently, depending on 
the nature of the metal and the environment to which they are exposed [46]. 
In this study we have investigated corrosion behavior of SS electrode with PNVCz, 
PANI homopolymer and their composites with CeO2 by electrochemical 
measurements. PNVCz homopolymer coatings were obtained by three different 
methods; PD, PS and GS at three different potentials (1.2V, 1.4V, 1.6V) and currents 
(8 mA, 15 mA and 25 mA). PANI was coated by PD, PS and GS method at 1.0 V. 
PNVCz/CeO2 and PANI/CeO2 composites were synthesized by chemical oxidative 
polymerization and composites were dispersed in CF resin and coated on SS 
electrode by dipping. Results for homopolymers and composite coated electrodes 
were reported in the following chapters. 
5.1 Poly (N-vinyl carbazole) Homopolymer Coatings 
Potentiodynamic coating is achieved at 50 mV/sec. scan rate by applying 10 cycle on 
SS disc electrodes from the solution containing 0.07 M NVCz of monomer in the 
range of  0.0-1.2 V, 0.0-1.4 V, 0.0-1.6 V. Results are shown in the  Figure 5.1, Figure 
5.2, Figure 5.3, respectively.  Polymerization begins at 0.85 V with monomer 
oxidation and in the second cycle a new peak that belonging to polmer formation is 
observed  at 0.45 V.  At the succesive cycles current increases due to polymer 
deposition (Figure 5.1).  
Coated stainless steel with PNCVz films  are tested by anodic and cathodic 
polarization curves (Figure 5.4., Figure 5.5, Figure 5.6) and EIS measurements and 
Bode and Bode phase diagrams are given in Figure 5.7, Figure 5.8, Figure 5.9  in 1M 
H2SO4 solution, respectively.   
 30
 
Figure 5.1 :  The repetitive scan of 0.07 M NVCz in 0.1 M NaClO4 containing acetonitrile solution
          on SS electrode  in the range of 0.0-1.2V (PD-1.2 V) ( scan rate= 50mV/sec.)   
 
Figure 5.2 : The repetitive scan of 0.07 M NVCz in 0.1 M NaClO4 containing acetonitrile solution
          on SS electrode  in the range of 0.0-1.4 V (PD-1.4 V) ( scan rate= 50mV/sec.)  
 
 
Figure 5.3 : The repetitive scan of 0.07 M NVCz in 0.1 M NaClO4 containing acetonitrile solution
          on SS electrode  in the range of 0.0-1.2V (PD-1.2 V)( scan rate= 50mV/sec.)   
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From polarization curves, corrosion currents (Icorr), corrosion potentials (Ecorr), 
anodic  and cathodic Tafel slopes (Ba, Bc), obtained by  Tafel extrapolation method. 
We are interested in corrosion rates in the more useful units of rate of penetration, 
such as millinch per year.  Corrosion rate calculated from the corrosion current 
acording to following equation by using Faraday Law [48]. Faraday’s law based on 
electricity consumption to obtain the deposit was used [50]. It was assumed that the 
two electron mechanism based on the monomer molecule implied in the process the 
current efficiency 100%, the density of PNVCz (ρ) 1.5 g/cm3 as itwas obtained in 
our previous study [51] and a NVCz  molar mass of 193.25 g/mol. The thickness was 
calculated according to following equation, where Q was the specific overall charge 
for electropolymerization (C/cm2) and the F value was 96500 C. 
ρ
=
F2
QMd
                                                                                                              (5.1)
 
The value of Q was obtained from the sum of charges passing in monomer oxidation 
potential region (0.0-1.2 V,  0.0-1.4 V, 0.0-1.6 V ) of successive cycles applied for 
the film growth. 
The presence of the conducting coating avoids metal dissolution, unambiguously 
showing the protective character against corrosion. More positive potentials observed 
as compared to the uncoated electrodes indicates the protective character of the 
polymeric films  and also the different oxidation states of conducting polymer film 
depending on the metal substrate . As it can be seen from the polarization curve of 
PNVCz coated and bare electrode, corrosion potentials are shifted to more noble 
potential and current density values are smaller than those obtained with the 
uncoated metal. These results indicate a protective conductive coating as suggested 
in literature [49]. 
It has been observed that the initial corrosion current values of the coated PNVCz 
electrodes are higher than bare electrodes.  This increase was attributed to  increase 
in the electrode surface as a result of coating with a conductive film. 
The thicknesses of coatings has been found as 22 µm, 37 µm, 107 µm for the coating 
at 1.2 V, 1.4 V, 1.6 V,  respectively.  
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Figure 5.4 : Polarization curves of PNVCz coated on SS by PD method in the range of 0.0-1.2 V     
        (PD-1.2 V) 
 
 
 
 
 
 
 
 
Figure 5.5 : Polarization curves of PNVCz coated on SS by PD method in the range of 0.0-1.4V 
        (PD-1.4 V) 
 
Figure 5.6 : Polarization curves of PNVCz coated on SS by PD method in the range of 0.0-1.6V   
        (PD-1.6 V) 
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When the potential that applied for polymerization increases, thicknesses of the 
polymeric film increases and current intensities incease with increasing potentials 
(Table 5.1, Table 5.2, Table 5.3). This result supports the idea that increas of currents 
are related to increase of electrode area due to incease of coating thickness. 
The changes of  icorr.  values with time for  PNVCz coated electrodes were followed 
during  1440 minutes and it was observed that the icorr.  values decrease with time for 
all the coatings obtained at  1.2 V, 1.4 V, 1.6 V.   
Application of  the conducting PNVCz coating protects SS against corrosion in 
contact with aggressive acidic solutions and it seems to exhibit a self healing 
behavior. 
The correct mechanism by which oxidized conductive polymers passivate active 
metal surfaces was, in fact, elucidated by Deng et al. in 1989 [52]. According to 
these authors, the high positive redox potential of the oxidized conductive polymer 
film maintains the potential of the metal surface in the passive region where the rate 
of corrosion is very low. In essence the Fermi level of the underlying metal is shifted 
to more positive values by being in ohmic contact with the doped conductive 
polymer. This conclusion is supported by our observation that the the corrosion 
potential of coated electrode is shifted to positive potential (Table 5.1, Table 5.2, 
Table 5.3). The conductive PNVCz  coating  provide protection by stabilizing the 
passive oxide layer on the metal, so the open circuit redox potential of the polymer 
lie within the passive potential range of the metal in the corrosive medium. 
In order to get idea about self healing, percentage inhibition efficiency (IE%) values 
were calculated with freshly prepared coated surface (exposure time 5 min.) by using 
following equation; 
IE%  = [icorr.(5min)- icorr.(1440min) ]/ icorr.(5min)                                                                                                 (5.2) 
Percentage inhibition of current values were found  83%, 90%, 75% for PNVCz 
coating at 1.2 V, 1.4 V, 1.6 V respectively. IE% values  for PNVCz coating at 1.2 V 
and 1.4 V are close to each other and higher than in the case of coating at 1.6 V. 
Changes in corrosion potential values with time were given in Figure 5.10. Changes 
in Ecorr are more drasting for the coating obtained at 1.4 V and 1.6 V, while for the 
coating obtained at 1.2 V seems more stable. 
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Table 5.1:  Corrosion values of PNVCz coated  on SS  in the range of  0.0-1.2 V by PD  
        method  in 1 M H2SO4 (PD-1.2 V)                
Exposure 
Time(minute)  
  Icorr 
(µA/ cm²) 
Ecorr 
(mV) 
Ba*10-3 
(V/decade) 
Bc*10-3  
(V/decade) 
CR 
(mpy) 
 
5  59.6 327.0 562.0 84.7 27.0  
60  41.1 190.0 675.4 150.6 26.3  
1440  10.3 132.0  977.4 374.6 17.3   
bare 41.3 -526.0 127.2 124.3 18.9  
Table 5.2: Corrosion values of PNVCz coated  on SS  in the range of  0.0-1.4 V by PD         
       method  in 1 M H2SO4 (PD-1.4 V)      
Exposure 
Time(minute) 
Icorr 
(µA/ cm²) 
Ecorr 
(mV) 
Ba*10-3 
(V/decade) 
Bc*10-3  
(V/decade) 
CR 
(mpy) 
 
5  81.4 336.0  233.4 253.3 38.6  
60  57.6 320.0  260.6 202.3  27.5  
1440  8.4  75.6 338.2 374.6  4.6  
bare 41.3 -526.0 127.2 124.3 18.9  
Table 5.3:  Corrosion values of PNVCz coated  on SS  in the range of  0.0-1.6 V by PD  
         method  in 1 M H2SO4 (PD-1.6 V)      
Exposure 
Time(minute) 
Icorr 
(µA/ cm²) 
Ecorr 
(mV) 
Ba*10-3 
(V/decade) 
Bc*10-3  
(V/decade) 
CR 
(mpy) 
 
5  174.0 462.0  357.8 306.3 557.9   
60  110.0 439.0  315.3 372.2 403.4   
1440  43.6 331.0  325.4 368.8 163.2   
bare 41.3 -526.0 127.2 124.3 18.9  
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Figure 5.7 : Bode diagram of PNCVz coated on SS by PD method in the range  of 0.0-1.2 V 
         (PD-1.2 V) 
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Figure 5.8 : Bode diagram of PNCVz coated on SS by PD method in the range  of 0.0-1.4 V 
         (PD-1.4 V) 
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Figure 5.9 : Bode diagram of PNCVz coated on SS by PD method in the range  of 0.0-1.6 V 
         (PD-1.6 V) 
The corrosion electrodes was left in corrosion medium (1 M H2SO4 ) for different 
time  periods to monitore the stability of polymeric films. EIS measurements of  
PNVCz coated electrodes by PD method in the range of 0.0-1.2V, 0.0-1.4V,          
0.0-1.6 V in 1M H2SO4 at different times were given  in Figure 5.7, 5.8, 5.9, 
respectively. Polarization resistance (Rp), break point frequency (fb) which is defined 
as frequency at which the phase angle reaches 45°, minimum of the phase angle 
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(Φmin) and its frequency (fmin) values were  obtained  from  Bode and Bode phase 
diagrams [40, 53].  
When electrode was corroded, the  capacitive area expanded to lower frequency 
range. Capacitance-resistance transition frequency (fb), results changing with time 
are examined by Mansfeld and his group and they acquired knowledge about the in 
the stability of the coating [53]. In this study, in a similar way to them, fb values in 
the capacitive-resistive transition region,  are placed on a graph of fb versus time 
(Figure 5.11). When a coating was undamaged and still protective, the impedance 
spectrum in a Bode plot showed only the time constant with a wide linear capacitive 
region in which the slope =-1 and the phase angle was near 90°.  
For PNVCz coated electrodes,  fb values are followed with time moved to lower 
areas (Figure 5.11). This result indicates that the films become more stable with time.  
In order to get idea about self healing, percentage inhibition values were calculated 
with freshly prepared coated surface (exposure time 5 min.) by using following 
equation; 
IE%=[fb(5min)- fb(1440min) ]/ fb(5min)                                                                                                                     (5.3) 
Percentage inhibition values were found as 95%, 80%, 75% for 1.2 V, 1.4 V, 1.6 V 
respectively. Although fb values of the coating at 1.4 V are the smallest and almost 
unchange, the values for the coating at 1.2 V are high at the begining  then it 
decreases sharply and remained constant with time. As a result a higher percentage 
inhibition (95%) is observed for the coating obtained at 1.2 V.  Acording to this 
result this coating shows self-healing effect more pronounced than the others. 
In  similar way Φmin and its frequency fmin could be use the characterize the corrosion 
effects like fb (Figure 5.12, 5.14). Although fmin values are expected to increase and 
Φmin values are  expected to decrease with time for coated electrode, our results 
shows reverse trend in parallel with fb. This is due to self-healing behaviour of 
coating. 
Rp values of coated electrode were obtained from Nyquist diagrams (Figure 5.15, 
Figure 5.16, Figure 5.17). As we can see from Figure 5.13, Rp values of the coating 
at 1.2 V are higher than coatings  at 1.4 V and at 1.6 V. This result supports the 
conclusion that coating at 1.2 V is more favorible for corrosion protection. High 
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values of Rp and low values of fb for the rest of to coating systems suggested that 
these systems are protective . 
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Figure 5.10 : Time dependence of Ecorr values for PNCVz coated on SS by PD method in 1M H2SO4. 
0 2000 4000 6000
1
10
 1.2V
 1.4V
 1.6V
f b 
(H
z.
)
Time (min.)
0 2000 4000 6000
0,1
1
 1.2 V
 1.4 V
 1.6 V
f m
in
.
Time (min.)
 
Figure 5.11 : Time dependence of fb  values for       Figure 5.12 : Time dependence of fmin values for      
          PNCVz coated on SS by PD                                       PNCVz coated on SS by PD            
          method in 1 M H2SO4                                                                            method in 1 M H2SO4  
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Figure 5.13 : Time dependence of Rp  values for      Figure 5.14 : Time dependence of Qmin values for      
          PNCVz coated on SS by PD                                       PNCVz coated on SS by PD            
          method in 1 M H2SO4                                                                            method in 1 M H2SO4 
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Figure 5.15: The Nyquist diagram recorded
 
for PNCVz coated on SS in 1 M H2SO4       
            solution after various exposure times (PD-1.2 V).     
 
 
 
 
 
 
 
 
Figure 5.16: The Nyquist diagram recorded
 
for PNCVz coated on SS  in 1 M H2SO4             
           solution after various exposure times (PD-1.4 V). 
 
Figure 5.17: The Nyquist diagram recorded
 
for PNCVz coated on SS  in 1 M H2SO4             
           solution after various exposure times (PD-1.6 V). 
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Similar investigations were done for the PNVCz coating obtained by PS and GS 
methods. Potentiostatic coating is obtained in 0.07 M NVCz  containing acetonitrile 
solution at constant potentials (1.2V, 1.4V, 1.6V) applied for 30 seconds. Coated 
stainless steel with polymeric films  are tested by anodic and cathodic polarization 
curves (Figure 5.18, Figure 5.19, Figure 5.20) and EIS measurements (Figure 5.21, 
Figure 5.22, Figure 5.23)  in 1M H2SO4 solution.  
Variation  icorr.  values of coated PNVCz electrode followed for 1440 minutes. It was 
observed that the icorr.  values decrease with time for all coating obtained at 1.2 V, at 
1.4 V, at 1.6 V, respectively (Table 5.4, Table 5.5,  Table 5.6). In order to get idea 
about inhibition effect, percentage inhibition values were calculated from corrosion 
currents  as given in eq.5.2 and they were found as  85%, 75%, 91% for PNVCz 
coated at 1.2 V, 1.4 V, 1.6 V, respectively. 
Ecorr values  were obtained from polarization curves and changes in corrosion 
potential values were followed with time (Figure 5.24). It seems Ecorr  values for 
PNVCz coating obtained  at 1.4 V  more stable than the others.  
For PNVCz coated electrodes variation of  fb values were followed and it is observed 
that they moved to lower areas (Figure 5.25). This result indicates that the films 
become more stable with time since the fb values are almost constant. In  similar way 
Φmin and its frequency fmin could be use the characterize the corrosion effects like fb  
(Figure 5.26, 5.28). 
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Figure 5.18: Polarization curves of PNVCz coated on SS by PS method at  constant potential   
         (applied potential=1.2 V) 
 
 
 
 
 
 
 
 
Figure 5.19: Polarization curves of PNVCz coated on SS by PS method at  constant potential   
         (applied potential=1.4 V) 
 
 
 
 
 
 
 
 
Figure 5.20: Polarization curves of PNVCz coated on SS by PS method at  constant potential   
         (applied potential=1.6 V) 
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Table 5.4:  Corrosion values of SS coated with PNVCz coating by PS  method at constant  
        potential (applied potential=1.2 V) in 1 M H2SO4   
Exposure 
Time(minute) 
Icorr 
(µA/ cm²) 
Ecorr 
(mV) 
Ba*10-3 
(V/decade) 
Bc*10-3  
(V/decade) 
CR 
(mpy) 
 
5  69.7 395.0  207.2 219.1  32.4  
60  67.3 374.0  225.0 198.8  27.0  
1440  10.5 262.0  297.1 204.4 5.0  
bare 41.3 -526.0 127.2 124.3 18.9  
Table 5.5:  Corrosion values of SS coated with PNVCz coating by PS  method at constant  
        potential (applied potential=1.4 V) in 1 M H2SO4   
Exposure 
Time(minute) 
Icorr 
(µA/ cm²) 
Ecorr 
(mV) 
Ba*10-3 
(V/decade) 
Bc*10-3  
(V/decade) 
CR 
(mpy) 
 
5  96.7 354.0  221.0 255.3 55.9  
60  64.1 338.0  224.2 244.9 35.8  
1440  24.5 227.0  217.2 182.1 11.0  
bare 41.3 -526.0 127.2 124.3 18.9  
Table 5.6 Corrosion values of SS coated with PNVCz coating by PS  method at constant  
     potential (applied potential=1.6 V) in 1 M H2SO4   
Exposure 
Time(minute) 
Icorr 
(µA/ cm²) 
Ecorr 
(mV) 
Bax103 
(V/decade) 
Bc*10-3  
(V/decade) 
CR 
(mpy) 
 
5  26.9 384.0 208.1 195.2 13.6  
60  11.7 339.0  193.6 180.9 5.6  
1440  2.4 133.0  198.2 140.7 1.1  
bare 41.3 -526.0 127.2 124.3 18.9  
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Figure 5.21: Bode diagram of PNCVz coated on SS by PS method at constant potential  
           (applied potential=1.2 V)      
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Figure 5.22: Bode diagram of PNCVz coated on SS by PS method at constant potential  
           (applied potential=1.4 V)     
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Figure 5.23: Bode diagram of PNCVz coated on SS by PS method at constant potential  
           (applied potential=1.6 V)    
Rp values of coated electrode were obtained from Nyquist diagrams (Figure 5.29, 
Figure 5.30, Figure 5.31). It can be seen from Figure 5.27, Rp values continue to 
increase with time and they become almost constant after around 3500 minutes for 
coating obtained at 1.2 V, 1.4 V and 1.6 V and for the coating obtained at 1.4 V Rp 
values higher than the others. In addition to other results, this result supports the 
conclusion that coating at 1.4 V is more favorible for corrosion protection. 
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 Figure 5.24: Time dependence of Ecorr.  values for PNCVz coated on SS by PS method in 1 M H2SO4. 
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Figure 5.25 : Time dependence of fb  values for       Figure 5.26 : Time dependence of fmin values for      
           PNCVz coated on SS by PS                                       PNCVz coated on SS by PS            
           method in 1 M H2SO4                                                                           method in 1 M H2SO4  
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Figure 5.27 : Time dependence of  Rp values for      Figure 5.28 : Time dependence of Qmin values for      
           PNCVz coated on SS by PS                                       PNCVz coated on SS by PS            
           method in 1 M H2SO4                                                                           method in 1 M H2SO4  
Percentage inhibition of fb  values were calculated as 98%, 98.4%, 95% for 1.2 V,  
1.4 V, 1.6 V respectively. It seems IE% fb values for PNVCz coating obtained  stable at 
all coatings. 
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Figure 5.29: The Nyquist diagram recorded
 
for PNCVz coated on SS  in 1 M H2SO4             
           solution after various exposure times (PS-1.2 V).
 
 
Figure 5.30: The Nyquist diagram recorded
 
for PNCVz coated on SS  in 1 M H2SO4             
           solution after various exposure times (PS-1.4 V). 
 
Figure 5.31: The Nyquist diagram recorded
 
for PNCVz coated on SS  in 1 M H2SO4             
           solution after various exposure times (PS-1.6 V).
 
Galvonostatic coating was performed in 0.07 M NVCz containing acetonitrile 
solution at three different constant currents (8 mA, 15 mA, 25 mA) that applied for 
 45
30seconds. Coated stainless steel with polymeric films  are tested by anodic and 
cathodic polarization curves (Figure 5.32, Figure 5.33, Figure 5.34) and EIS 
measurements (Figure 5.35, Figure 5.36, Figure 5.37)  in 1M H2SO4 solution.  
 
 
 
 
 
 
Figure 5.32: Polarization curves of PNVCz coated on SS by GS method at constant current  
          (applied current =0.008 A) in 1 M H2SO4 
 
 
 
 
 
 
 
Figure 5.33: Polarization curves of PNVCz coated on SS by GS method at constant current  
          (applied current =0.015 A) in 1 M H2SO4 
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Figure 5.34: Polarization curves of PNVCz coated on SS by GS method at constant current  
          (applied current =0.025A) in 1 M H2SO4 
icorr.  values of galvonostatically coated PNVCz electrodes decrease with time as it is 
observed in the case of PD coated electrodes (Table 5.7, 5.8, 5.9). Similarly, 
percentage inhibition values were calculated and were found as  85%, 86%, 79% for 
coating obtained at    8 mA, 15 mA, 25 mA, respectively. 
Changes in corrosion potential values were followed with time (Figure 5.38). It 
seems Ecorr  values for PNVCz coating obtained  at 8 mA  more stable than the 
others. 
Variation of fb , fmin , Rp and Φmin values with time for galvonostatically PNVCz 
coated electrodes were given in Figure 5.39, 5.40, 5.41, 5.42. As it can be seen 
Figure 5.38 fb values shift to lower values and stay almost constant after 3000 
minutes. fmin values show similar trends with fb values (Figure 5.40). 
Table 5.7:  Corrosion values of SS coated with PNVCz coating by GS  method at constant  
       current (applied current=0.008 A) in 1 M H2SO4  
Time 
(minute) 
Icorr  
(µA/ cm²) 
Ecorr 
(mV) 
Ba*10-3 
(V/decade) 
Bc*10-3  
(V/decade) 
CR 
(mpy) 
 
5  192.0 351.0 259.7 237.1 123.8  
60  108.0 318.0 291.0 314.8 94.2  
1440  28.1 244.0 245.9 290.4 23.3  
bare 41.3 -526.0 127.2 124.3 18.9  
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Table 5.8:  Corrosion values of SS coated with PNVCz coating by GS at constant current  
       (applied current=0.015 A)  method in 1 M H2SO4   
Time 
(minute) 
Icorr  
(µA/ cm²) 
Ecorr 
(mV) 
Ba*10-3 
(V/decade) 
Bc*10-3  
(V/decade) 
CR 
(mpy) 
 
5  441.0 472.0 252.7 247.5 254.4  
60  136.0  376.0 237.7 290.7 105.3  
1440  60.0 253.0 250.1 235.0 35.3  
bare 41.3 -526.0 127.2 124.3 18.9  
Table 5.9 Corrosion values of SS coated with PNVCz coating by GS  method at constant current 
 (applied current=0.025 A) in 1 M H2SO4   
Time 
(minute) 
Icorr  
(µA/ cm²) 
Ecorr 
(mV) 
Ba*10-3 
(V/decade) 
Bc*10-3  
(V/decade) 
CR 
(mpy) 
 
5  129.0 347.0 237.5 475.7 71.2  
60  79.5 304.0 226.6 407.5 39.5  
1440  27.2 190.0 228.9 268.7 13.1  
bare 41.3 -526.0 127.2 124.3 18.9  
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Figure 5.35: Bode diagram of PNCVz coated on SS by GS method at constant current   
          (applied current =0.008 A) 
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Figure 5.36: Bode diagram of PNCVz coated on SS by GS method at constant current   
          (applied current =0.015A) 
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Figure 5.37: Bode diagram of PNCVz coated on SS by GS method at constant current   
          (applied current =0.025 A) 
Rp values of coated electrode were obtained from Nyquist diagrams                  
(Figure 5.43, 5.44, 5.45).  Variation of  Rp values with time plotted for GS coated 
electrode   (Figure 5.41) . And it seems the values increase with time. This result 
supports the conclusion that galvonostatically PNVCz coated electrodes also show 
self healing behaviour. 
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Percentage inhibition that calculated from fb values were found %98.5, %93.8, 
%88.8  for coating obtained at 8 mA, 15 mA, 25 mA current, respectively. It seems 
coating obtained at 8 mA is more favoriable. 
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Figure 5.38: Time dependence of Ecorr.  values for PNCVz coated on SS by GS method in 1 M H2SO4. 
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Figure 5.39 : Time dependence of fb  values for       Figure 5.40: Time dependence of fmin values for      
           PNCVz coated on SS by GS                                       PNCVz coated on SS by GS            
           method in 1 M H2SO4                                                                            method in 1 M H2SO4  
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Figure 5.41 : Time dependence of Rp values for       Figure 5.42: Time dependence of Qmin values for      
           PNCVz coated on SS by GS                                      PNCVz coated on SS by GS            
           method in 1 M H2SO4                                                                            method in 1 M H2SO4  
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Figure 5.43:  The Nyquist diagram recorded
 
for PNCVz coated on SS  in 1 M H2SO4  
            solution after various exposure times (GS-0.008 A).
 
 
Figure 5.44 : The Nyquist diagram recorded
 
for PNCVz coated on SS  in 1 M H2SO4              
            solution after various exposure times (GS-0.015 A).
 
 
Figure 5.45:  The Nyquist diagram recorded
 
for PNCVz coated on SS in 1 M H2SO4  
            solution after various exposure times (GS-0.025 A). 
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5.2 Polyaniline Homopolymer Coatings 
Potentiodynamic coating is achieved by 20 mV/sec. scan rate applying 20 cycling on 
SS disc from solutions containing 0.025 M ANI monomer in the range of  0.0-1.0 V 
(Figure 5.46).  At 0.7 V polymerization begins with monomer oxidation and in the 
second cycle  new peaks  that belonging to polymer formation are observed  around 
0.25 V and 0,65 V. At the succesive cycles current increases due to polymer 
deposition (Figure 5.46).  
 
 
 
 
 
 
 
 
Figure 5.46:  The repetitive scan of 0.025 M PANI in 0.1 M oxalic acid and  0.1 M sodium 
           dodecyl benzene sulfonate containing aquous solution on  SS electrode in the 
          range of 0.0-1.0 V (PD-1.0 V) ( scan rate= 20mV/sec.) 
Similarly to PNVCz, PANI films on SS surface were prepared by PD,PS and GS 
methods. PANI homopolymer coated electrodes left in 1 M H2SO4 medium for 
different time and tested by anodic and cathodic polarization curves (Figure 5.48, 
5.49) and EIS measurements  (Figure 5.50, 5.51, 5.52). Corrosion values obtained 
from polarization curves were collected in Table 5.10, 5.11, 5.12, respectively. 
Potentiostatic coating was obtained in 0.025 M ANI at constant potential (1.0 V) by 
applied 340 seconds. Galvonostatic coating was obtained in  0.025 M ANI at 
constant current (0.01A) applied 355 seconds.  
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Figure 5.47: Polarization curves of PANI coated on SS by PD method in the range of       
           0.0-1.0 V (PD 0.0-1.0 V). 
 
 
 
 
 
 
 
 
Figure 5.48: Polarization curves of PANI coated on SS by PS method at constant potential    
          (applied potential=1.0 V) 
 
 
 
 
 
 
 
 
Figure 5.49: Polarization curves of PANI coated on SS by GS method at  constant current 
          (applied current=0.01 A)  
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As it can be seen from Table 5.10 corrosion current decrease with exposure time. 
According to these results, self healing behavior is also observed in the PANI coating 
just as in PNVCz coating. But this has been observed only in the PD method and 
such effect was not found in PS and GS methods. This is because; during the PD 
coating, more regular layers might be formed on the surface since oxidation and 
reduction process take place simultaneously. Because of the fact that in the PS and 
GS methods, a faster and more heterogeneous deposition might occur  and this will 
result more porous film.   This might cause an increase in current values over time. 
When double layer capacitance values have been calculated (4 days later ) by using 
EIS measurements from Nyquist diagram, it has been observed that they change for 
three coating methods as following:  
Cdl(PD)(3.0 mF) <  Cdl(PS)(12.5 mF)  <  Cdl(GS) (15.0 mF)  
Table 5.10:  Corrosion values of SS coated with PANI coating in the range of 0.0-1.0 V by PD  
          method  in 1 M H2SO4 (PD-1.0 V) 
Time 
(minute) 
Icorr  
(µA/ cm²) 
Ecorr 
(mV) 
Ba*10-3 
(V/decade) 
Bc*10-3  
(V/decade) 
CR 
(mpy) 
 
5  767.0 -15.0 527.3 54.8 350.5  
60  600.0 -4.4 178.6 29.8 274.2  
1440  390.0 -186.0 46.0 15.4 178.0  
bare 41.3 -526.0 127.2 124.3 18.9  
Table 5.11:  Corrosion values of SS coated with PANI coating by PS  method at constant  
          potential (applied potential=1.0 V) in 1 M H2SO4   
Time 
(minute) 
Icorr  
(µA/ cm²) 
Ecorr 
(mV) 
Ba*10-3 
(V/decade) 
Bc*10-3  
(V/decade) 
CR 
(mpy) 
 
5  214.0 27.7 132.2 27.1 98.0  
60  326.0 -144.0 145.2 21.7 149.2  
1440  259.0 -217.0 133.7 14.5 118.3  
bare 41.3 -526.0 127.2 124.3 18.87  
Table 5.12:  Corrosion values of SS coated with PANI coating by GS method at constant current 
         (applied current=0.01 A)  in 1 M H2SO4   
Time 
(minute) 
Icorr  
(µA/ cm²) 
Ecorr 
(mV) 
Ba*10-3 
(V/decade) 
Bc*10-3  
(V/decade) 
CR 
(mpy) 
 
5  66.5 30.8 749.6 74.3 30.4  
60  26.0 -50.2 578.9 53.1 11.9  
1440  317.0 -138.0 271.9 48.3 145.0  
bare 41.3 -526.0 127.2 124.3 18.9  
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Figure 5.50: Bode diagram of PANI coated on SS by PD method in the  range  of            
           0.0-1.0 V (PD 0.0-1.0 V) 
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Figure 5.51: Bode diagram of PANI coated on SS by PS method at constant potential           
          (applied potential=1.0 V) 
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Figure 5.52: Bode diagram of PANI coated on SS by GS method at  constant current  
           (applied current=0.01 A) 
According to these results, observing the minimum values in the PD method verifies 
that water absorption is the least and therefore, more homogeneous and less porous 
structure has formed during the deposition as expected. This observation suggests 
that coating method is effective on PANI corrosion properties and the PD method is 
more advantageous than the others. 
Changes in Ecorr values with time for three type of coated is given in Figure 5.53. At 
the beginning, Ecorr values decrease rapidly and then the decrease slow down. 
Almost unchanged fb, fmin  and Φmin values for all three coatings showed that coatings 
remained stable during the experiments   (Figure 5.54, Figure 5.55, Figure 5.57 ).  
Rp values of coated electrode were obtained from Nyquist diagrams (Figure 5.58, 
Figure 5.59, Figure 5.60). Changes in Rp values for PD method are higher than other 
methods and increase from 20 Ω to 1000 Ω after 6000 minutes, suggest a self healing 
effect. Acording to results obtained from Tafel and EIS measurements it has been 
observed that coating method is effective on corrosion properties of PANI 
homopolymer and the PD method is more advantageous than the others.  
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Figure 5.53: Time dependence of Ecorr.  values for PANI coated on SS  in 1M H2SO4. 
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Figure 5.54 : Time dependence of fb  values for       Figure 5.55: Time dependence of fmin values for      
           PANI coated on SS  in 1 M H2SO4                            PANI coated on SS in 1 M H2SO4                                                                            
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Figure 5.56 : Time dependence of Rp values for       Figure 5.57: Time dependence of Qmin values for      
           PANI coated on SS  in 1 M H2SO4                            PANI coated on SS in 1 M H2SO4                                                                            
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Figure 5.58: The Nyquist diagram recorded
 
for PANI coated on SS  in 1 M H2SO4             
           solution after various exposure times (PD-1.0 V). 
 
 
 
 
 
 
 
 
Figure 5.59: The Nyquist diagram recorded
 
for PANI coated on SS  in 1 M H2SO4                   
           solution after various exposure times (PS-1.0 V). 
 
 
 
 
 
 
 
 
Figure 5.60: The Nyquist diagram recorded
 
for PANI coated on SS in 1 M H2SO4  
           solution after various exposure times (GS-0.01 A). 
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5.3 Poly (N-vinyl carbazole)/Cerium Oxide Composite (PNVCz/CeO2) Coatings 
In this part PNVCz/CeO2 composites were prepared and after characterization they 
were coated on SS electrode by dipping method. Three types of coating were 
prepared by using different amount of composite and resin (Table 4.1).  
PNVCz/CeO2 composite characterized by ATR- FTIR measurement and results were 
given in Figure 5.61.  The broad absorption in the range of 3000 to 3500 cm-1  is due 
to contribution from interstitial water and hydroxyl group, whereas the absorption 
band appears at the range of 1630 to 1650 cm-1 is due to bending vibration of water 
molecule [55].  Absorption bands in the range of 800 to 1150 cm-1 representing the 
presence of Ce-O-H group.  
Presence of the peak at 860 cm-1 in FTIR spectra of PNVCz homopolymer and 
PNVCz/CeO2 composite is evidence for the presence of trisubstituted benzene rings. 
The peaks at 1365 cm-1, 1230 cm-1, 1450 cm-1, 3200 cm-1 corresponds to  N-O 
streching of the nitro group, aromatik amin, -CH bending and –CH streching 
respectively. Presence of these peaks confirmed to PNVCz/CeO2 composite contain  
PNVCz along with CeO2 .                
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Figure 5.61 :  FT-IR spectra of PNVCz/CeO2 composite, PNVCZ homopolymer                
      obtained with CAN and cerium(IV)oxide (CeO2).  
 
 
——— PNVCz/CEO2 composite (obtained at n NVCZ/n CeO2/n CAN = 0.05:0.01:0.2  
mole ratio) 
——— PNVCz homopolymer (n NVCZ/n CAN = 0.05:0.01 mole ratio) 
———cerium(IV)oxide 
 
Corrosion inhibition effect of PNVCz/CeO2 composite coated electrodes were 
investigated by time in 1 M H2SO4 medium by anodic and cathodic polarization 
curves (Figure 5.62, Figure 5.63, Figure 5.64) and electrochemical impedance 
measurements (EIS) (Figure 5.65, Figure 5.66).  
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Figure 5.62: Polarization curves of PNVCz /CeO2 composite (coating-1) coated on SS in 1 M
           H2SO4.           
 
 
 
 
 
 
 
Figure 5.63: Polarization curves of PNVCz/CeO2 composite (coating-2) coated on SS in 1 M 
          H2SO4.           
 
 
 
 
 
 
 
 
Figure 5.64: Polarization curves of PNVCz/CeO2 composite (coating-3) coated  on SS in 1 M
           H2SO4.           
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Corrosion values of PNVCz/CeO2 composite (coating-1, coating-2, coating-3)  Icorr 
Ecorr, Ba, Bc and CR, were calculated from polarization curves and summarized in 
Table 5.13,  Table 5.14,  Table 5.15. 
When corrosion current values of coated electrode compare with bare SS, it seems in 
all cases, current values significantly decrease and corrosion potentials shifted 
anodically (ennobling) to the passive region for the metal in the corrosive 
environment. This results agree with other literature [56,57] values and suggest 
anodic protection of substrate metal. Increase in anodic Tafel slopes (Ba )also support 
this idea (Table 5.13,  Table 5.14,  Table 5.15 ). 
Table 5.13: Corrosion values of PNVCz/CeO2 composite (coating-1) coated on SS in 1M H2SO4 
Time 
(minute) 
Icorr  
(µA/ cm²) 
Ecorr 
(mV) 
Ba*10-3 
(V/decade) 
Bc*10-3  
(V/decade) 
CR 
(mpy) 
 
5  1.4 30.9 354.8 93.4 0.6  
60  0.7 -260.0 296.0 87.0 0.4  
1440  1.9 -403.0 325.6 68.3 0.9  
bare 41.3 -526.0 127.2 124.3 18.87  
Table 5.14: Corrosion values of PNVCz/CeO2 composite (coating-2) coated on SS in 1M H2SO4 
Time 
(minute) 
Icorr  
(µA/ cm²) 
Ecorr 
(mV) 
Ba*10-3 
(V/decade) 
Bc*10-3  
(V/decade) 
CR 
(mpy) 
 
5  10.0 -473.0 226.6 851.3 4.6  
60  4.5 -234.0 264.0 122.8 2.0  
1440  5.5 -46.4 458.7 97.9 2.5  
bare 41.3 -526.0 127.2 124.3 18.9  
Table 5.15: Corrosion values of PNVCz/CeO2 composite (coating-3) coated on SS in 1M H2SO4 
Time 
(minute) 
Icorr  
(µA/ cm²) 
Ecorr 
(mV) 
Ba*103 
(V/decade) 
Bc*103 
(V/decade) 
CR 
(mpy) 
 
5  0.8 -152.0 384.1 58,4 0.4  
60  1.0 -230.0 636.4 51.0 0.5  
1440  0.7 -306.0 321.9 97.8 0.3  
bare 41.3 -526.0 127.2 124.3 18.9  
Changes in corrosion potential with time was given in Figure 5.67. Ecorr  values for 
PNVCz composite of coating-1, coating-2 and coating-3 are became almost constant 
after 400 minutes. 
Variation of fb values of  PNVCz coated electrodes with time were given in Figure 
5.68 while the value of coating-1 increases for coating-3 at the beginning it increases 
rapidly and then decreases. This result indicates that the films become more stable 
with time. Coating-3 is a multilayer coating, conversion
  
coating was applied before 
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the composite coating. At the beginning although effect of conversion coating does 
not observe, after 1000 minutes due to primer coating fb values decrease unlike the 
coating-1  that has no primer coating before composite coating.Similarly, Φmin and its 
frequency fmin could be use the characterize the corrosion effects like fb (Figure 5.69, 
5.71 ) and these result also support that conversion coating results additional 
protection. Rp values of coated electrode were obtained from Nyquist diagrams. As 
we can see from Figure 5.70,  at the begining for coating-1 and coating-3, Rp  values 
sharply decreased and after nearly 2500 minutes the values became stable.            
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Figure 5.65: Bode diagram of PNVCz/CeO2 composite (coating-3) coated on SS in 1 M H2SO4.       
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Figure 5.66: Bode diagram of PNVCz/CeO2 composite (coating-1) coated on SS in 1 M H2SO4.  
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For coating-1 values continued to decrease gradually although for coating-3 values 
were more constant. All results support the conclusion that coating-3 which has a 
primer coating is preferable to the coating-1. 
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Figure 5.67 : Time dependence of Ecorr.  values for PNVCz/CeO2 composite coated on SS in 1 M 
          H2SO4. 
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Figure 5.68 : Time dependence of  fb values for        Figure 5.69 : Time dependence of fmin. values for  
          PNVCz/CeO2 composite  coated                                 PNVCz/CeO2 composite coated      
          on SS in 1 M H2SO4                                                    on SS  in 1 M H2SO4                                                                                              
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Figure 5.70 : Time dependence of  Rp values for      Figure 5.71 : Time dependence of Qmin values for  
          PNVCz/CeO2 composite  coated                                PNVCz/CeO2 composite coated      
          on SS in 1 M H2SO4                                                    on SS  in 1 M H2SO4                                                                                              
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5.4  Polyaniline /Cerium Oxide (PANI/ CeO2) Composite Coatings  
Similarly PANI/CeO2 composite was prepared chemically by oxidative 
polymerization and characterized by ATR-FTIR measurements (Figure 5.72). 
PANI/CeO2 composites were dispersed homogeneously in CF resin and this mixture 
was coated on SS electrode. 
The ~1270-1280 cm-1 and ~776-774 cm-1 bands can be assigned to C-N stretching 
of the secondary aromatic amine and an aromatic C-H out-of-plane vibration, 
respectively. The characteristic band at ~ 1530-1550 cm-1 arises mainly from both 
C=N and C=C stretching of the quinoid diamine unit, while the band near ~ 1400-
1450 cm-1 is attributed to the C-C aromatic ring stretching of the benzenoid diamine 
unit,1160 cm-1 is  attributed to the quinoid diamine  stretching.Presence of the peaks 
at 1550, 1320, 1060 and 715 cm-1  which correspond  Ce-O vibration confirmed to 
PANI/CeO2 composite contain PANI along with cerium oxide. The broad absorption 
in the range of 3000 to 3500 cm-1  is due to contribution from interstitial water and 
hydroxyl group, whereas the absorption band appears at the range of 1630 to 1650 
cm-1 is due to bending vibration of water molecule. Absorption bands. in the range of 
800 to 1150 cm-1 representing the presence of Ce-O-H group (Figure 5.72).        
 
Figure 5.72 : FT-IR spectra of PANI/CeO2 composite, PANI homopolymer                 
           obtained with APS and cerium(IV)oxide (CeO2). 
——— PANI/ CEO2 
——— PANI/CEO2  composite (obtained at nANI/nCeO2/nAPS = 1/1/1 mole ratio) 
——— cerium(IV)oxide 
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Figure 5.73 : Polarization curves of PANI/CeO2 composite coated  on SS  in 1 M H2SO4. 
PANI/CeO2 composite were dispersed homogeneously in CF resin and this mixture 
was coated on SS electrode.  Corrosion inhibition effect of PANI/CeO2 composite 
coated electrodes were investigated by time in 1 M H2SO4 medium by anodic and 
cathodic polarization curve (Figure 5.73) and electrochemical impedance 
measurement (EIS) (Figure 5.74 ). Corrosion values of PANI/CeO2 composite Icorr, 
Ecorr, Ba, Bc and CR were calculated from polarization curve and summarized in 
Table 5.16. 
When corrosion current values of coated electrode are compared to bare SS, it seems 
in all cases, current values significantly decrease and corrosion potentials shifted 
anodically (ennobling) to the passive region for the metal in the corrosive 
environment. 
Table 5.16:  Corrosion values of PANI/CeO2 composite coated  on SS in 1 M H2SO4                                           
Time 
(minute) 
Icorr  
(µA/ cm²) 
Ecorr 
(mV) 
Ba*10-3 
(V/decade) 
Bc*10-3  
(V/decade) 
CR 
(mpy) 
 
5  0.8 122.0 315.2 253.0 0.3  
60  3.5 182.0 384.2  191.1 1.6  
1440  0.3 59.3 379.9 121.2 0.1  
bare 41.3 -526.0 127.2 124.3 18.9  
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Figure 5.74 : Bode diagram of PANI/CeO2 composite coated on SS in 1 M H2SO4. 
Changes in Ecorr values with time for PANI/CeO2 composite coating is given in 
Figure 5.75. For PANI/CeO2 composite coated SS electrode fb values are observed 
with time moved to lower areas with time(Figure 5.76). This result indicates that the 
films become.  Similarly Φmin and its frequency fmin could be used to characterize the 
corrosion effects like fb (Figure 5.77, 5.79 ). They also support the same conclusion. 
Rp values of coated electrode were obtained from Nyquist diagrams. As we can see 
from Figure 5.78, Rp values for PANI/CeO2 composite, sharply increased at the 
beginning time and after nearly 1000 minutes the values became stable. Stabilization 
of Rp values suggest an effective coating. 
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Figure 5.75 : Time dependence of  Ecorr.  values for  PANI/CeO2 composite coated on SS in 1 M H2SO4.      
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Figure 5.76 : Time dependence of  fb  values for        Figure 5.77 : Time dependence of fmin. values for     
          PANI/CeO2 composite  coated                                    PANI/CeO2 composite coated      
          on SS in 1 M H2SO4                                                    on SS  in 1 M H2SO4    
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Figure 5.78 : Time dependence of  Rp  values for     Figure 5.79 : Time dependence of Qmin values  for  
          PANI/CeO2 composite  coated                                   PANI/CeO2 composite coated      
          on SS in 1 M H2SO4                                                    on SS  in 1 M H2SO4                                                                                              
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5.5 Morphological Analysis of the PNVCz/ CeO2  and PANI/CeO2  Composites 
PNVCz/ CeO2  and PANI/CeO2 composites were characterized by SEM. Figure 5.80 
(a) and Figure 5.80 (b) represent the scanning electron micrographs of PANI/CeO2 
and PNVCz/CeO2 composites, respectively. 
 
                                  
                                 
                          (a)                                                               (b) 
 
Figure 5.80 : (a) SEM images of PANI/CeO2 film with growing 1kx scale (b) SEM    
  images of PNVCz/ CeO2 film with growing  0.7 kx scale. 
 
The observed morphologies were  reminiscent of the typical raspberry morphology 
proposed by Armes et al.[58] for the various oxide-based  PPY, PANI composites, 
where the ultrafine oxide particles would be present not only on the particle surface 
but also distributed through the interior of the articles. Since the SEM were taken as 
a pressed pellets the structurless morphology limits make furher comments [59].  
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6. CONCLUSION 
Corrosion-related problems are important when economical aspect, environmental 
pollution and risks that cause big damages are considered. Studies in this area should 
be improved.  
With the aim of to make some contribution to this area in this study, corrosion 
inhibition of Poly(N-vinylcarbazole) (PNVCz) and polyaniline (PANI) 
homopolymers and their composites with cerium oxide (CeO2) have been  
investigated. Ceria was chosen for synthesizing composite due to usage in widely 
different application areas, such as electrolytes in fuel cells smart windows, and gas 
sensors, and as a support or additive in heterogeneous industrial catalysts.   
Polymeric coatings for PNVCz and PANI homopolymers with different thicknesses 
on stainless steel (SS) surface were prepared by potentiodynamic (PD), potentiostatic 
(PS) and  galvanostatic (GS) methods. Corrosion inhibition effect of these films have 
been investigated by time in 1 M H2SO4 medium by anodic and cathodic polarization 
curves and electrochemical impedance measurements (EIS).  
Changes in corrosion  values (icorr, Ecorr, fb, fmin, Qmin, Rp) with exposure times 
calculated from polarization curves and EIS measurements.  
In order to compare, methods, potential and current effect, and polymer type, 
inhibition efficiencies (IE) calculated by using icorr, fb, Rp  values obtained for freshly 
prepared coatings and coatings left in corrosion medium for 1440 minutes or 5760 
minutes: 
fresh
tfresh
X
XX%IE −=             ( X = Icorr, fb or Rp ;  t = 1440 or 5760 min.) 
Results obtained for PNVCz and PANI homopolymers were given in Table 6.1 and 
6.2 respectively. 
Although different IE values obtained for different methods, similar trend allows us 
to get ideas about the optimum coating condition for protection.  
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In addition to IE% values, changes in corrosion values with time for PNVCz 
homopolymer coatings suggest that coatings obtained in the range of  0.0-1.2 V         
( PD), at 1.4 V constant potential (PS) and 8 mA (GS) constant current have better 
corrosion protection than the other conditions. All coatings obtained in three 
different methods show a self healing effect; ie. decrease in corrosion rate with 
exposure time in corrosion medium were observed in all cases (Table 6.1). 
Table 6.1 : Inhibition effect of PNVCz homopolymer. 
Coating Method IE, % 
icorr fb Rp 
PD 
 
0.0-1.2 V  83 95 69 
0.0-1.4 V 90 80 26 
0.0-1.6 V 75 75 25 
PS 1.2 V 85 80 98 
1.4 V 75 84 97 
1.6 V 91 50 95 
GS 8 mA 85 98.5 98 
15 mA 86 94 86 
25 mA 79 89 90 
 
Similarly Tafel and EIS measurements indicate that coating method is effective on 
corrosion properties of PANI coating and the PD method is more advantageous than 
the others. Unlike PNVCz coatings self healing behavior was observed only in the 
case of PD method and such effect was not found in PS and GS methods. This is 
because; during the PD coating, more regular layers might be formed on the surface 
since the oxidation and reduction process takes place simultaneously. 
Double layer capacitance values depend on the concentration of  ionic species near 
the electrode surface and porosity of the surface effects this concentration. Cdl values 
for PANI coated electrodes by three different methods were calculated from 
impedance measurements and the lowest Cdl value obtained for PD method. This 
result suggests lowest porosity of the surface. Decrease in pore size prevents the 
penetration of corrosive environment into polymer layer and results decrease in 
corrosion rate. Self healing effect of PANI coating obtained by PD method might 
result from its low porosity (Table 6.2). 
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Table 6.2 :  Inhibition effect of PANI homopolymer (NI= no inhibition). 
Coating Method IE,  % 
icorr fb Rp 
PD 0.0-1.0 V 49 NI 98 
PS 1.0 V NI NI 20 
GS 0.01 A NI NI NI 
Inhibition efficiencies obtained from  icorr, fb, Rp  values suggest that PD method was 
favorable to obtain a more protective and  stable coating of PANI homopolymer [4]. 
When PNVCz and PANI homopolymer coatings were compared, PNVCz 
homopolymer coatings seem better inhibition effect for SS electrode.  
Similarly IE values were compared for PNVCz/CeO2 and PANI/CeO2 composites. 
Inhibition efficiency of coating-3 ( that has conversion coating ) became more 
significant when exposure time exceeds 6000 minutes (Table 6.3). fb and Rp values 
for coating-2  were not calculated because of lowest corrosion inhibition.    
Table 6.3 :  Inhibition effect of PNVCz/CeO2 composite. 
Coating IE% 
icorr fb Rp 
coating—1 98 NI 48 
coating—2 89   
coating—3 98 NI 69 
IE% values calculated from three different values  (icorr, fb, Rp ) suggest PANI/CeO2 
composite protect SS from corrosion effectively (Table 6.4).  
Table 6.4 :  Inhibition effect of PANI/CeO2 composite. 
Coating IE% 
icorr fb Rp 
PANI/CeO2 91 97.5 84 
When PNVCz/CeO2 composite and PANI/CeO2 composites were compared, it seems 
protection performance PANI/CeO2 composite coating is better because its fb values 
decrease and Rp values increase with exposure time, while these values increase for 
PNVCz/CeO2 composite coating. 
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In this study an overview was given to indicate the anticorrosive properties of 
PNVCz homopolymers, PANI homopolymers, PNVCz/CeO2 and PANI/CeO2 
composites.  
Results for PNVCz homopolymers and PNVCz/CeO2 composites suggest that both 
homopolymer and composite films inhibite the corrosion. Homopolymer coating 
showed a self-healing effect and corrosion values decreased with time. Composites 
seems better inhibition effect when compare with homopolymer.  
Results for PANI homopolymers and PANI/CeO2 composites clearly indicate a very 
effective performance of the coatings. Composites have better inhibition effect when 
compare with homopolymers. 
PNVCz homopolymers, PNVCz/CeO2 and PANI/CeO2 composites coating on SS 
electrode have not been attained in the literature. Therefore, the results of this study 
will contribute to scientific literature. 
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